Objective: This study was undertaken to evaluate the influence of preterm birth and other factors on cerebral cortical maturation. Methods: We have evaluated the effects of preterm birth on cortical folding by applying cortical cartography methods to a cohort of 52 preterm infants (<31 weeks gestation, mild or no injury on conventional magnetic resonance imaging) and 12 term-born control infants. All infants were evaluated at term-equivalent postmenstrual age. Results: Preterm infants had lower values for the global measures of gyrification index (GI; 2.06 6 0.07 vs 1.80 6 0.12, p < 0.001; control vs preterm) and cortical surface area (CSA; 316 6 24 cm 2 vs 257 6 40 cm 2 , p < 0.001). Regional analysis of sulcal depth and cortical shape showed the greatest impact of preterm birth on the insula, superior temporal sulcus, and ventral portions of the pre-and postcentral sulci in both hemispheres. Although CSA and GI are related, CSA was more sensitive to antenatal and postnatal factors than GI. Both measures were lower in preterm infants of lower birth weight standard deviation scores and smaller occipitofrontal circumference at time of scan, whereas CSA alone was lower in association with smaller occipitofrontal circumference at birth. CSA was also lower in infants with higher critical illness in the first 24 hours of life, exposure to postnatal steroids, and prolonged endotracheal intubation. Interpretation: Preterm birth disrupts cortical development in a regionally specific fashion with abnormalities evident by term-equivalent postmenstrual age. This disruption is influenced by both antenatal growth and postnatal course.
, p < 0.001). Regional analysis of sulcal depth and cortical shape showed the greatest impact of preterm birth on the insula, superior temporal sulcus, and ventral portions of the pre-and postcentral sulci in both hemispheres. Although CSA and GI are related, CSA was more sensitive to antenatal and postnatal factors than GI. Both measures were lower in preterm infants of lower birth weight standard deviation scores and smaller occipitofrontal circumference at time of scan, whereas CSA alone was lower in association with smaller occipitofrontal circumference at birth. CSA was also lower in infants with higher critical illness in the first 24 hours of life, exposure to postnatal steroids, and prolonged endotracheal intubation. Interpretation: Preterm birth disrupts cortical development in a regionally specific fashion with abnormalities evident by term-equivalent postmenstrual age. This disruption is influenced by both antenatal growth and postnatal course. ANN NEUROL 2015; 77:154-162 T here has been a steady increase in the survival rates of very preterm infants. In many countries the majority of infants born at 24 weeks gestation or greater survive, but morbidity among these survivors is high. 1 Approximately one-third have difficulties in school, and roughly 10% are diagnosed with cerebral palsy. 2, 3 Advances in magnetic resonance imaging (MRI) have enabled investigators to characterize premature infant brain development in vivo 4 in an effort to identify the alterations in brain development underlying the high incidence of significant disabilities. For example, volumetric MRI studies conducted in school-age, pretermborn children have reported reduced volumes of the corpus callosum, 4,5 hippocampus, 6 basal ganglia, 7 and amygdala 7 as well as enlarged lateral ventricles. 6 A functional MRI study has demonstrated impairments in network development, including abnormalities in thalamocortical connections. 8 To date, relatively few studies have directly tested for abnormalities of cortical folding associated with these neurodevelopmental challenges. During the last trimester of gestation, the cerebral cortex undergoes a period of rapid expansion and folding, 9 which may be disrupted by preterm birth and the challenges associated with living in the neonatal intensive care unit environment. In support of this, preterm infants have been shown to have reduced overall cortical surface area and folding. 10, 11 The current study was undertaken to identify the impact of preterm birth on regional patterns as well as global measures of cortical folding.
Subjects and Methods

Subjects
Fifty-two infants (27 males, 25 females) born at <31 weeks gestation, hereafter referred to as "preterm" infants, were recruited from St Louis Children's Hospital. Additionally, 12 term-born infants (7 male, 5 female, mean gestational age 5 39 weeks) from uncomplicated pregnancies, hereafter referred to as "control" infants, were recruited from Barnes-Jewish Hospital in St Louis, Missouri to serve as a healthy, term-born control group. Six of these were part of a previously reported term control group. 12 To meet inclusion criteria, control infants had no maternal history of major medical or psychiatric illness, no maternal medication treatment or substance abuse history during the pregnancy, gestation 38 weeks, prenatal care (>5 visits), 5-minute Apgar score 8, no admission to a neonatal or special care nursing unit, and no risk for neurological abnormality (no antenatal cerebral abnormality detected by fetal ultrasound, no concerns for chromosomal abnormality or congenital or acquired infection, and no neonatal encephalopathy).
All procedures were approved by the institutional review board, and parents or legal guardians provided informed, written consent.
MRI
All infants underwent MRI scanning at a postmenstrual age (PMA) of 36 to 41 weeks; the average PMA did not differ significantly between groups (Table 1) . Infants were not sedated for scanning. They were transported to the scanner shortly after feeding and restrained using a vacuum-fix bag. 13 Images were obtained using a turbo spin echo T2-weighted sequence (repetition time 5 8,500 milliseconds; echo time 5 160 milliseconds; voxel size 5 1 3 1 3 1 mm 3 ) on a Siemens (Erlangen, Germany) 3T Trio scanner. Images were not used if they had significant movement artifact or abnormality.
MRI Analysis and Processing
Qualitative analysis of white matter abnormalities was performed by a neonatologist (T.E.I.) blinded to the infant's clinical history. 14 T2-weighted images were processed, and cortical Cortical surface reconstructions, including midthickness, inflated, flat, and spherical surfaces, were generated for each hemisphere using methods previously reported. 12 Additionally, a cerebral hull surface was generated. 16 The folding measures of cortical surface area (CSA) and gyrification index (GI) were generated for each hemisphere using the surfaces in the individual's native space after alignment along the anterior commissure-posterior commissure (AC-PC) axis. The GI is the ratio of the area of the midthickness cortical surface to the surface area of the cerebral hull. For each subject, the average of the left and right hemispheres (for both GI and CSA) was used for analysis.
Registration
All individual cortical midthickness surfaces were registered to an updated version of the PALS-term12 atlas. 12 The surface-based registration was performed using the Core Six landmarks, a set of highly consistent surface landmarks that are readily identifiable in the population under study. These landmarks, consisting of the central sulcus, sylvian fissure, anterior portion of the superior temporal gyrus, calcarine sulcus, and dorsal and ventral portions of the medial wall, were drawn on smoothed or flattened surfaces using information visible in other surface configurations (midthickness, inflated) as well as the segmentation and MRI volumes. Registration was performed using previously documented methods 16 and allowed for direct comparison of corresponding locations across individual surfaces. Average AC-PC midthickness surfaces for each group were generated by averaging the standard-mesh midthickness surfaces within each group.
Data Analysis
GLOBAL STATISTICAL ANALYSIS. Global statistical analyses were performed using SPSS (IBM, Armonk, NY) to compare the GI and CSA values between the preterm and control infant groups by using an independent t test. Within the preterm infants, a group analysis was performed to examine the effects of the following clinical characteristics on GI and CSA values: gestational age at birth, sex, race, birth weight (BW), BW standard deviation score (SDS), intrauterine growth restriction (IUGR; defined as BW SDS < 22), change in BW SDS between birth and scan, birth occipitofrontal head circumference (OFC), birth OFC SDS, OFC at time of scan, postnatal steroid therapy, confirmed sepsis, patent ductus arteriosus confirmed by echocardiography, length of endotracheal ventilation (ETV), Clinical Risk Index Score for Babies (CRIB), and time of treatment with total parenteral nutrition (TPN). This was performed using individual linear regression analyses controlling for PMA at MRI.
SULCAL DEPTH ANALYSIS.
At each node on each average midthickness surface, the depth was calculated by measuring the distance between that node and the nearest node on the cerebral hull surface. Analyses were performed using methods similar to those previously reported, 12 with the difference of the use of a 2-sampled t test instead of a paired t test. Permutation analyses (5,000 iterations) were applied to threshold for statistically significant group differences using the threshold-free cluster enhancement method 12 and p < 0.025 to account for multiple comparisons for 2 hemispheres. The location of each statistically significant cluster was visualized on group-averaged midthickness and inflated cortical surfaces.
To estimate the architectonic area associated with regions of interest, the Brodmann areal boundaries from the 74k-vertex version of the human Conte69 atlas were registered to the PALS-term12 atlas using interatlas methods described previously. 17 COORDINATE DISTANCE ANALYSIS. For each hemisphere, the mean AC-PC midthickness surfaces for both groups (term control and preterm) were averaged to generate an unbiased surface target whose size is midway between the mean dimensions of the 2 groups. An affine transformation was computed using caret_command surface affine regression to minimize the mean square error between each individual's transformed surface and this atlas target. The resulting affine-transformed individual surfaces were input into a 1-way coordinate analysis of variance to determine whether there were regionally significant coordinate differences between the groups. 18 For visualization purposes, average midthickness surfaces were computed for each group using the midthickness surfaces that had been normalized to the common target (mean of the group mean midthickness surfaces). The Euclidean distance between these normalized mean midthickness surfaces was computed, and the directional components (dx, dy, and dz) were assigned a color (red, green, and blue, respectively).
Results
Subjects
Clinical characteristics of the 52 preterm infants and 12 control infants are listed in Table 1 . Preterm infants with extensive cerebellar hemorrhage, grade III or IV intraventricular hemorrhage (on routine clinical cranial ultrasound), cystic periventricular leukomalacia, or noncystic but extensive signal abnormality in the white matter on MRI were excluded from this study. As shown in Table 1 , some preterm infants had white matter abnormalities, none of which were severe.
14 Global Measures Figure 1 shows average sulcal depth maps for preterm and control infants. On qualitative inspection, the maps from preterm infants show fewer and shallower sulci. Quantitative differences in GI and CSA are plotted in Figure 2 . Preterm infants had lower GIs (control 2.06 6 0.07 vs preterm 1.80 6 0.12, p < 0.001) and CSAs (control 316 6 24 cm 2 vs preterm 257 6 40 cm 2 , p < 0.001) compared to term controls. Note the greater variability in both GI and CSA for preterm infants as compared with term control infants.
Perinatal Factors Predicting Folding
Individual linear regression analyses controlling for PMA at MRI revealed multiple predictors of GI and CSA (Table 2 ). Given 18 tests each for GI and CSA, the probability value for significance after Bonferroni correction for multiple comparisons is 0.003. The 3 predictors of both GI and CSA that passed this criterion were BW SDS and birth OFC SDS, which reflect maturity and in utero growth, and OFC at time of scan, which reflects both in utero and postnatal growth. Several other factors showed an association with CSA and a trend to be associated with GI. These included the antenatal factors of BW, OFC at birth, and 2 postnatal factors reflecting the severity of the clinical course: postnatal steroids and high CRIB scores. Other factors were associated with CSA alone. The antenatal factors of decreasing gestational age and female sex showed a trend toward association with lower CSA.
The postnatal factor of prolonged endotracheal intubation was associated with lower CSA. The time on total parenteral nutrition, confirmed sepsis, and endotracheal intubation showed trends toward lower CSA.
Sulcal Depth Analysis
Significant sulcal depth differences were identified in several regions of both the left and right hemispheres, including the insula, superior temporal sulcus, and ventral portion of the pre-and postcentral sulci, as illustrated in t statistic maps (Fig 3) . Additional differences in the dorsal portion of the postcentral sulcus and posterior region of the cingulate sulcus were identified in the right hemisphere. The precentral sulcus difference was in the ventral anterior premotor cortex, straddling Brodmann areas 44 and 06 (BA44/6), as determined by overlaying Brodmann borders on the t maps. (The border between BA44 and BA6 ran along the fundus of the precentral sulcus when viewed on the PALS-term12 mean AC-PC midthickness surface.) All differences were consistent with the preterm infants having shallower sulci than the control infants. 
Engelhardt et al: Preterm Folding Abnormalities
To aid with visualizing these shape differences, Figure  4 shows coronal and axial slice views with red and blue contour slices outlining the mean midthickness cortical surfaces of the preterm and control infants, respectively. Qualitatively, differences in sulcal depth can be observed in the insula, the superior temporal sulcus, and BA44/6. Also note the reduced overall folding complexity in the preterm group and the more sharply defined and deeper sulci in control infants. Finally, the lateral surfaces tend to be shifted in a medial direction in preterm infants, which is consistent with the dolichocephaly (disproportionately long and narrow head) associated with preterm birth. Thus, the sulcal depth difference in insular cortex may, at least in part, be related to effects of premature birth on overlying cortical gyri. 19 Coordinate Distance Analysis Some differences detected by the sulcal depth analyses may reflect contributions related to scale/shape differences between groups, both the presence of dolichocephaly in preterm brains and term control brains being larger than preterm. The surfaces used for the depth analyses had been aligned to AC-PC space, but were not spatially normalized, and some cortical regions appeared affected more than others (eg, relative sparing of the superior parietal area). Accordingly, a coordinate distance analysis was performed to probe differences unrelated to overall brain dimensions. Widespread differences persisted in both hemispheres after spatial normalization of the surfaces (Fig 5) . This suggests that many of the shape differences are local rather than a reflection of generalized differences in overall brain size or shape.
Discussion
This study demonstrates regionally varying disruptions of cortical folding and surface shape in preterm infants at term-equivalent PMA. Both antenatal and neonatal factors were found to influence cortical surface expansion and folding during this critical time. Some of these factors were related to in utero growth, such as birth weight and birth head circumference. There were also associations with the adverse neonatal factors of a high severity of illness in the first 24 hours of life (CRIB score, which was developed to predict mortality in preterm infants), exposure to prolonged ventilation, TPN, postnatal corticosteroids, and OFC at time of scan. 
Global Effects
This study confirms global differences in cortical folding between groups for GI and CSA. For example, global folding differences were previously reported in a small sample of 14 prematurely born infants at term-equivalent PMA. 10 This finding highlights the dramatic, large-scale differences in cortical folding and surface area present at term-equivalent PMA.
The antenatal factors we found to be associated with disruption of both GI and CSA, birth weight and birth OFC, have previously been related to developmental outcomes in preterm infants. Lower birth weight is well known to be associated with greater risk of cerebral palsy and neurodevelopmental disability. 20, 21 The association with birth weight was present even for infants who did not have IUGR, although IUGR in premature infants is associated with lower intracranial and cortical gray matter volume as well as developmental deficits. 22 By comparison, there are relatively few studies relating birth OFC to developmental outcome, although poor head growth early in life is associated with worse outcome. 23 The antenatal factors that trended with CSA alone consisted of gestational age and being female.
Younger gestational age at birth is strongly associated with impaired developmental outcome. 20, 21 Being female, conversely, is typically associated with better outcome. 24 It is likely that the smaller CSA values for females reflect genetic predilection rather than brain injury.
Of the postnatal factors associated with disruption of cortical development, lower OFC at time of scan was associated with both lower CSA and lower GI. Whereas the association with CSA is expected (a smaller head is associated with smaller brain and hence smaller CSA), the association with GI suggests that slower combined in utero and ex utero growth is associated with reduced sulcation. The use of postnatal steroids and prolonged ETV were associated with lower CSA alone, although the use of postnatal steroids showed a trend toward lower GI. Both factors are related to more severe respiratory disease, which has been associated with poor outcome in a variety of studies. 25, 26 Higher CRIB score was associated with lower CSA and a trend toward lower GI, whereas higher number of days on TPN was associated with a trend toward lower CSA alone. Both factors reflect overall severity of illness during the postnatal period, and have also been associated with developmental disabilities. 27, 28 Although there was overlap in the factors associated with abnormalities in CSA and GI, CSA appears to be more sensitive to both ante-and postnatal factors. These 2 measures are probably related during normal brain development, but they may vary independently of each other. Along these lines, based on a study comparing preterm singletons with preterm twins and preterm IUGR babies, it has been suggested that preterm twins have a concordant reduction in both brain size and folding, whereas singleton preterm IUGR infants have a more pronounced reduction of size than folding. 11 In general, scaling a brain to a smaller size without changing overall shape would more strongly affect CSA than GI. This may explain why CSA appears more sensitive to negative ante-and postnatal factors in this study; reducing brain size by slowing brain growth alone may be sufficient to reduce CSA, but would not necessarily reduce GI. It is also plausible that there is a continuum of injury, with milder injury affecting brain size, and thereby CSA, without affecting folding, and thereby GI. More severe injury might affect both. Testing this hypothesis would require further study.
Regional effects
Regions showing significant sulcal depth differences associated with premature birth included the insula, superior temporal sulcus (STS), and BA44/6. The mechanism(s) by which these areas are most sensitive to disruption is not obvious, but it is notable that these areas are known to mature relatively early in comparison with other cortical areas, with a gradation of maturation in which cortex closer to the insula matures earlier than cortex further from the insula. 29 However, it has also been observed that primary motor and sensory areas develop earlier than surrounding areas, 29, 30 and in our data, primary visual cortex does not show prominent abnormalities despite early development. Nevertheless, vulnerability to injury may be related to the maturational stage of the cortex in question. It has also been postulated that cortical folding itself depends upon mechanical tension exerted by axons. 31 Although infants with significant white matter abnormalities on T1-or T2-weighted images were excluded from our study, subtle white matter abnormalities were likely present in our population, as they have been demonstrated using diffusion tensor imaging in preterm infants in areas that appear normal using conventional structural images. 32 Thus, white matter injury may in some individuals be a contributing factor to the cortical abnormalities observed in this study. Sulcal depth distance analyses demonstrated significant differences between groups in both STS and BA44/6 bilaterally, whereas the spatially normalized coordinate distance analysis identified both regions in the left hemisphere only. These results suggest asymmetric differences in the size and shape of these regions between the groups. These findings are consistent with studies identifying regionally dependent volumetric differences between preterm and control infants. 33, 34 Previous studies have found reductions in white matter volume in the left temporal lobe in preterm adolescents 33 and strong trends toward reductions in unmyelinated white matter volume in the premotor region defined by Talairach parcellation, which corresponds to BA44. 34 Other studies have demonstrated correlations between lower volumes of the temporal lobe and later neurological deficits. A study of preterm children found that temporal lobe gray matter volume was negatively associated with intelligence quotient score, 35 and a study of preterm-born adolescents showed that gray matter volume in the middle temporal gyrus was associated with poor executive function and language deficits. 36 In the context of these studies, it is not surprising that cortical folding differences were found in these regions in the present study. However, our finding that differences previously reported later in life are already present by term-equivalent PMA suggests that the period in the neonatal intensive care unit may be critical in the establishment of regional abnormalities that persist into adolescence. The functional implications of these shape differences may correlate with cognitive and language performance; neurobehavioral testing of this hypothesis is underway in this cohort. A limitation of this study is the inclusion of subjects with mild white matter injury. Because these subjects were not excluded from analysis, the presence of injury may have affected both the global and regional surface measures of affected subjects. These subjects were not excluded from analysis so as to show a large, representative sample of very preterm infants.
This study demonstrates the impact of preterm birth on cortical folding. The early emergence of cortical folding abnormalities suggests a potential benefit from optimizing the neonatal intensive care unit period for brain development. Their regional nature offers an opportunity for correlating their patterns with neurodevelopmental outcomes.
